Abstract-Historically, persons with paralysis have limited options for overground ambulation. Recently, powered exoskeletons, which are systems that translate the user's body movements to activate motors that move the lower limbs through a predetermined gait pattern, have become available. As part of an ongoing clinical study (NCT01454570), eight nonambulatory persons with paraplegia were trained to ambulate with a powered exoskeleton. Measurements of oxygen uptake (VO 2 ) and heart rate (HR) were recorded for 6 min each during each maneuver while sitting, standing, and walking. The average value of VO 2 during walking (11.2 +/-1.7 mL/kg/min) was significantly higher than for sitting and standing (3.5 +/-0.4 and 4.3 +/-0.9 mL/kg/min, respectively; p < 0.001). The HR response during walking was significantly greater than that of either sitting or standing (118 +/-21 vs 70 +/-10 and 81 +/-12 beats per minute, respectively; p < 0.001). Persons with paraplegia were able to ambulate efficiently using the powered exoskeleton for overground ambulation, providing the potential for functional gain and improved fitness.
INTRODUCTION
The wheelchair remains the primary option for mobility for persons with spinal cord injury (SCI) and lower-limb paralysis. However, at present, a few classes of assistive devices are commercially available to enable these people to ambulate overground. One option is hipknee-ankle-foot orthoses, which refer to a class of purely passive mechanical devices that enable the user to ambulate overground by keeping the knee in full extension but permitting rotation at the hip. This type of orthotic device is available in various versions and styles, which include hip guidance orthoses [1] [2] [3] , reciprocating gait orthoses (RGOs) [1, [4] [5] , and advanced reciprocating gait orthoses (ARGOs) [1, 6] . Although these orthotics have been available to assist in ambulation for decades, they have not been adapted for routine use because of the high energy cost required to ambulate, difficulty in standing and sitting, and the inability to climb stairs [1, 6] .
Other types of devices using functional electrical stimulation (FES) to ambulate overground have been investigated. These devices provide FES on specific muscle groups of the lower-limb muscles to power leg movement. Devices using FES alone have been successful in enabling users to ambulate, but their use has been limited because of rapid muscle fatigue and difficulty controlling joint movement [7] . Hybrid systems have also been explored, combining FES and a lower-limb orthotic [8] [9] [10] with decreased associated energy expenditure because of a reduction in muscle activity of the upper limb [11] . Further attempts to improve these systems have led to other variations, such as stored-energy hybrid systems, which combine FES with an orthotic brace that transfers energy from one joint movement to drive another joint [12] [13] , or controlled brake orthoses, which incorporate a computer-controlled brake system to lock out the joint and control joint speeds during ambulation [14] . Most of these devices remain as concepts or prototypes and have not been commercialized.
Dating back to the 1970s, efforts have been reported to make more efficient devices for overground ambulation by creating a robotic-based orthotic that incorporates motorized joints to power exoskeleton frames [15] [16] . During this earlier era, the computing and battery technology was too primitive for this technology to progress to clinical use, and as such, further development of this approach was abandoned. However, recent technological advances have led to the aggressive development of a new series of powered exoskeletal devices that enable gait in persons with paralysis [17] [18] [19] [20] [21] [22] [23] . These exoskeletal systems also have the ability to address some of the limitations of prior orthotic devices because they are powered and can provide coordinated and controlled joint movements rather than rigid knee and ankle fixation. One system, ReWalk (ReWalk Robotics; Marlborough, Massachusetts), has been reported to be safe and well tolerated by the users [19] [20] 24] and approved by the U.S. Food and Drug Administration for use at home and in the community. The ReWalk powered exoskeleton allows the user with paralysis to perform maneuvers of standing, sitting, walking, and ascending and descending stairs [25] [26] [27] . This expanded functionality addresses a few of the limitations of the nonpowered orthotic devices. To date, the energy expenditure required to use a powered exoskeleton system for overground ambulation has not been reported. As such, the aim of this study was to investigate energy expenditure and heart rate (HR) during powered exoskeletal-assisted use during sitting, standing, and walking. Oxygen uptake (VO 2 ) while using the powered exoskeleton was compared with that of other reports that have investigated the use of passive gait orthotics in persons with paraplegia.
METHODS

Study Design
A prospective, single-group observational study was conducted at the James J. Peters Department of Veterans Affairs (VA) Medical Center, Bronx, New York, after approval from the Institutional Review Board and registration with clinicaltrials.gov (NCT01454570). The primary aim was to measure VO 2 and HR during powered exoskeletal-assisted walking during consecutive 6 min periods of sitting, standing, and walking.
Participants
To be eligible, each participant was required to have paraplegia for greater than 6 mo, be nonambulatory, be between 18 and 65 yr old, and have a height between 152 and 193 cm and a weight less than 100 kg. Participants were excluded from the study if they had any of the following: diagnosis of neurological impairment other than SCI, recent lower-limb fracture or proximal femur bone mineral density (BMD) t-score less than 3.5 and/or a BMD at the distal femur and/or proximal tibia less than 0.60 g/cm 2 , pressure ulcers of the trunk and lower limb, contractures at the hip and knee greater than 20°, heterotopic ossification in the joints of the lower limbs, and females with pregnancy or who were trying to become pregnant during the study. A physical examination by the study physiatrist and determination of BMD by dual energy X-ray absorptiometry (DXA) were performed as part of the medical screening process. Each potential participant's level of impairment was evaluated by a trained physiatrist according to the American Spinal Cord Injury Association Impairment Scale (AIS). The DXA scan (Lunar iDXA, EnCORE software version 13.31.016, GE Medical Systems; Madison, Wisconsin) was performed to obtain regional measurements of BMD at the proximal femur, distal femur, and proximal tibia. The proximal femur was scanned according to the manufacturer specifications and the distal and proximal tibia regions were scanned according to the methods described by Shields et al. [28] . The study was discussed with the participants, and they were provided ample opportunity to ask questions. Once potential participants felt comfortable enrolling in the study, they signed an informed consent document prior to performing any procedures.
Powered Lower-Limb Exoskeleton Description and Training
The ReWalk powered exoskeleton was used in this clinical trial. All subjects were individually fitted to the exoskeleton according to pelvic width, thigh length, and shank length. The thigh length was determined by measuring from the most prominent point of the greater trochanter to the joint line of the knee. The shank length was determined by measuring the knee joint line center to the bottom of the foot. The pelvic band size was determined according to the width of the user's waist. Most participants wore their own shoes with the device, but some wore orthopedic shoes (Aetrex Worldwide Inc; Teaneck, New Jersey). Once the participant was fitted properly in the device, he or she participated in three training sessions per week. The first session included setup; additional adjustments to obtain proper fitting; and learning the maneuvers of standing up, sitting down, standing balance, and weight shifting as prerequisites to walking in the device. Each participant practiced these maneuvers until self-reported understanding of the maneuver and the trainers assessed that performance of the maneuvers could be accomplished with minimal to no assistance. For all participants in this study, the prerequisite skills were learned within the first session, and by the second session, all participants began to take steps with the exoskeleton.
Walking with the ReWalk powered exoskeleton is accomplished by a combination of using the mode selector to indicate the desire to walk followed by body movement, measured by a tilt sensor affixed to the vertical thoracic upright posts of the device that are immediately superior to the hip joint [25, 27] . The mode selector is a controller worn on the wrist that is used to indicate that a specific maneuver is desired. In order to rise from the seated position to standing (sit-to-stand), the appropriate mode is selected, followed by a 5 s pause that permits time for proper crutch placement and to allow for the user to shift his or her center of mass forward, above his or her feet. The motors then raise the individual upright into the standing position. During the sit-to-stand maneuver, the system has a safety mechanism in place that monitors the exoskeleton for proper positioning. If the user is not in an appropriate position to stand, the safety mechanism will be triggered and the device will return to the sitting position. Going from standing to the sitting position (standto-sit), the appropriate mode is selected, followed by a 5 s pause to allow the user to shift his or her weight slightly backward to enable the person to maintain stability when being lowered during the movement to sit. Once standing, walking is accomplished with a combination of body position, dynamic trunk posture, weight shifting, and arm/crutch placement. To initiate walking, which can only be enabled while standing, the user chooses the walk icon on the mode selector, followed by a slight diagonal leftward and forward shift; the weight shift must be sufficient to move the tilt sensor (according to the settings predetermined for that participant), and to offload the right leg to allow it to swing forward. Once the right leg has completed the swing motion, the user shifts his or her body weight onto this leg, which will lead to the unweighting of the left leg and triggering the left leg to pass through the swing portion of the gait. The subsequent steps are initiated by the uninterrupted shifting onto the contralateral leg that has just completed the swing phase, resulting in continuous ambulation, similar to natural walking [29] . The device can be triggered to stop walking and return to the standing mode if no forward tilt is sensed for at least 2 s. The other method for stopping, which all participants choose to use the majority of the time, was performed by not fully weight shifting laterally so that their body position failed to allow the swing leg to clear the floor, resulting in activation of a safety mechanism that senses sufficient resistance to movement to cause the device to discontinue walking.
A trainer was continuously present to provide handson assistance for balance during the initial sessions, as needed. The amount of assistance provided was determined as moderate, minimal, and no assistance and defined as follows: moderate assistance was when the trainer provided a substantial effort and verbal cues to maintain proper body positioning to enable the person to ambulate with the powered exoskeleton, minimal assistance was when the trainer provided a small effort and verbal cues to enable the participant to ambulate, and no assistance was when the participant could ambulate with no trainer assistance. In the no assistance sessions, the trainer was close in order to spot the participant for safety but did not have any hand contact on the participant to aid in the ambulation. The participant's body weight was never offloaded by the trainer or by an overhead harness at any of the levels of assistance.
All participants were provided with an in-depth explanation and visual examples of how to use the powered exoskeleton to ambulate. Initially, levels of assistance provided varied, but as the proficiency of each participant with the device improved, the level of assistance by the trainer was reciprocally reduced. During the initial sessions, tolerance to walking was variable, but by the beginning of the third week of training, all participants were able to remain in the device for training sessions that lasted between 60 and 90 min. These training sessions included donning and doffing the device and at least two 15 min bouts of walking training during each session. Participants were allowed periods of rest as needed by either standing with the device while leaning on a wall or by sitting while wearing the device. At a randomly selected time point during the session, determined by the trainer, walking performance was measured by a 6 min walk test (6MWT) for distance, with the walking speed readily calculated (distance walked [in meters]/ 360 s = m/s). In addition, at the end of the each training session the participant reported the rate of perceived exertion (RPE) based on the Borg scale (exertion rated from 6 to 20) [30] .
Metabolic Testing Protocol
VO 2 and HR measurements were obtained when the participants could ambulate using the powered exoskeleton continuously, even if they needed some level of assistance, in proximity to the 40th training session. Participants wore a face mask attached to a portable metabolic acquisition system (Oxycon Mobile; Jaeger, Germany) and 12-lead electrocardiogram (EKG). VO 2 normalized to body weight (milliliter per kilogram per minute) and HR values were obtained from the metabolic cart, which supplied averages of every 1 min period of recording. The testing session was composed of three consecutive testing conditions: seated rest (SIT), exoskeleton-assisted standing (STAND), and exoskeletonassisted walking (WALK). Each testing condition was 6 min in duration and started immediately after completing the transition to the next testing condition. HR and VO 2 values for each condition were calculated by averaging the six 1 min periods. The distance traveled over the 6 min WALK condition was used to calculate an overall walking speed during the metabolic test. Comparisons between the participant's previous 6MWT performance without versus with the face mask and the other metabolic equipment were noted.
The VO 2 and HR during WALK were reported relative to exercise intensity and expressed as a percentage of oxygen uptake reserve (%VO 2 R) and percentage of HR reserve (%HRR). These variables of efficiency were calculated based on a modification of the Karvonen method [31] using the Equations 1 and 2:
and (1) (2) VO 2 and HR were measured during the SIT (VO 2SIT , HR SIT ) and WALK (VO 2WALK , HR WALK ) conditions. Because of paralysis, the participants were not able to perform lower-limb maximal VO 2 testing; as such, predicted maximal VO 2 (VO 2pMax ) was estimated in two different ways. In order to relate the VO 2pMax to values observed with lower-limb exercise (VO 2pMax LEGS), the values were obtained from the table by Heyward [32] for sex, age, and the assumption of a "fair" cardiorespiratory level of fitness. The VO 2pMax LEGS chosen was the lowest within the "fair" range in order to use a conservative representation of a sedentary population. The second value used was based on a review by Noreau and Shephard, who presented maximal VO 2 based on upper-arm crank (VO 2pMax ARMS) exercise from 12 reports in persons with chronic SCI [33] . The median value of 25.3 mL/kg/min reported was chosen. The predicted maximal HR was determined by the standard equation HR pMax = 220 -age [34] .
Statistics
Statistical analyses were performed using JMP version 8.0.1 (SAS Institute; Carey, North Carolina), and the level of significance was set at p < 0.05. Descriptive statistics are reported as mean ± standard deviation for all continuous outcome variables. HR and VO 2 were tested for significance using a within-subject repeated measures
analysis of variance for condition (SIT, STAND, and WALK). Post hoc analyses were performed using TukeyKramer pairwise tests for each outcome variable that demonstrated a significant main effect. Differences in walking speed during the metabolic test (walking wearing the metabolic mask) and walking speed from the training session immediately prior to the metabolic test (walking without the metabolic mask) were determined using a paired t-test. In order to determine the influence of level of injury, lower-limb motor score, level of assistance, and walking speed on HR and VO 2 during the WALK condition, two separate stepwise regression models were used. Level of assistance was categorized to either no assistance (value of 1) or assistance (value of 1). Additional comparisons were made on VO 2 , HR, and RPE during the WALK condition for participants who needed assistance compared with those who used the powered exoskeleton without any assistance by unpaired t-test. Bonferoni correction was applied to multiple pairwise comparisons to ensure appropriate significance was obtained.
RESULTS
Eleven persons with SCI were screened for eligibility. Two participants did not meet the BMD requirements during the screening process and one withdrew after 1 wk of training because of scheduling conflicts, leaving a total of eight participants who remained in the study and were included for data analysis.
The neurological levels of SCI for all eight participants were classified as AIS A if they had lack of sacral sparing in the S4-S5 sacral segments or B if they had sacral sparing and no motor function below the level of lesion. Three participants had zones of partial preservation that included some lower-limb motor function but were classified as AIS A because of the lack of sacral sparing ( Table 1) . Participants with a zone of partial preservation were not encouraged nor asked to refrain from using their residual function; these participants may be assumed to have utilized their residual function, although this assumption would be purely speculative. All subjects had full upper-limb function with the exception of one subject, who scored 4 of 5 on the upper limbs for both the right and left side. The average age of the participants was 46 ± 12 yr, and the additional relevant demographic data are presented in Table 2 ). The mean VO 2 for SIT and STAND were 3.5 ± 0.4 mL/kg/min (range = 2.8-4.2) and 4.3 ± 0.9 mL/kg/ min (range = 3.4-6.2), respectively, and were not significantly different. However, as expected, the VO 2 response during WALK was significantly greater than both SIT and STAND (11.2 ± 1.7 vs 3.5 ± 0.4 and 4.3 ± 0.9 mL/kg/ min, respectively; F = 61.13, p < 0.001) (Figure 1) . The increase in VO 2 from walking in the exoskeleton represented a %VO 2 R Legs of 24 ± 4 percent or %VO 2 R Arms of 35 ± 7 percent; thus, during WALK, participants attained approximately one-quarter to one-third of their estimated maximum VO 2 reserve. No significant variables were found from the stepwise regression model for VO 2 .
The measured and calculated values for HR and %HRR during SIT, STAND, and WALK are reported by participant ( Table 2 ) and displayed in box plot format (Figure 2) . A nonsignificant increase was observed in Table 1 . Demographic characteristics of the study participants. *Although subjects had complete spinal cord injury, these subjects also had zone of partial motor preservation that included some volitional movement of lower limbs. † Subject 2 had incomplete motor and sensory paralysis at C5 (cervical 5).
However, upper-limb motor score on partially paralyzed muscles was scored 4 out of 5 (AIS scale). Sensation was present for this subject to T8, with loss of sensation and motor function below T8. AIS = American Spinal Cord Injury Association Impairment Scale, DOI = duration of injury, F = female, LEMS = lower-limb motor score, M = male, T = thoracic.
Subject Assistance Session
Oxygen Uptake (VO 2 HR from SIT to Box plot of oxygen uptake (VO 2 ) is displayed for each condition (SIT, STAND, and WALK) and estimated maximal (Max) predicted VO 2 using prediction based on leg and arm crank exercises. Significant differences (p < 0.001) between WALK compared with SIT and STAND.
STAND. The HR response during WALK was significantly increased above that of both SIT and STAND (118 ± 21 vs 70 ± 10 and 81 ± 12 beats per minute [bpm], respectively, F = 51.87, p < 0.001), which represented a %HRR of 48 ± 16 percent. Thus, during WALK, participants attained approximately one half of their estimated maximum HR reserve, which would indicate a moderate level of activity. The stepwise regression model for HR resulted in only level of assistance being inversely related to HR during the WALK condition (p = 0.04). revealed that participants who received assistance while walking had higher average HR values than those who received no assistance (133 ± 8 vs 104 ± 8 bpm, p = 0.047); however, this comparison was no longer statistically significant once a Bonferoni correction was applied. The mean values for VO 2 were slightly higher for those who needed assistance than those who did not (11.9 ± 0.8 vs 10.5 ± 0.8 mL/kg/min), but the difference was not significant.
An unpaired t-test also
The RPEs reported by each participant at the end of the testing day for the walking performed are presented in Table 2 . On average, the participants reported RPEs Table 2 . Oxygen uptake (VO 2 ) and heart rate (HR) obtained while sitting, standing, and walking. Assistance = level of assistance given to participant during that testing day where None is no assistance at all, Min is minimal contact with person, and Mod is moderate amount of assistance to help person maintain proper positioning during walking trial; bpm = beats per minute; HR = heart rate; Max Pred HR = maximum predicted HR (220 -age); Max Pred VO 2 Legs = maximum predicted VO 2 based on table by Heyward [32] during lower-limb exercise; RPE = rate of perceived exertion developed by Borg [30] ; SD = standard deviation; Session = session number in which metabolic measurement was obtained; SIT = sitting at rest condition; STAND = standing condition; WALK = walking condition; Walk %HRR = percentage of heart rate reserve while walking; WALK %VO 2 R Arms = percentage of oxygen uptake reserve while walking using value of 25.25 as maximal VO 2 by arm crank based on reported values by Noreau and Shephard [33] ; WALK %VO 2 R Legs = percentage of oxygen uptake reserve while walking based on table by Heyward [32] .
ranging from very, very light (7) to somewhat hard (13) , with an average RPE of very light to fairly light (10 ± 2).
Average walking velocities while wearing the metabolic testing equipment (face mask, EKG leads and vest) were significantly slower than those attained during previous training sessions when metabolic testing was not being performed (0.22 ± 0.11 vs 0.27 ± 0.11 m/s, p < 0.001) ( Table 3) .
DISCUSSION
Use of an exoskeletal system that requires increased energy expenditure without requiring excessive effort is desirable. The HR and VO 2 responses to exoskeletalassisted walking in persons with motor-complete paraplegia were demonstrated to be mildly increased from sitting and standing but well below maximal predicted value for both variables. The seated rest VO 2 (3.5 ± 0.4 mL/kg/ min) observed in this investigation was a value comparable with those for nondisabled persons and for those with SCI at rest [6, 32, [34] [35] . The standing condition resulted in a nonsignificant increase in VO 2 (4.3 ± 0.9 mL/kg/ min), which was within a similar range to those of previously reported values for nondisabled individuals and individuals with SCI when standing [6, 36] which represents a moderate level of intensity [34] . Using either the leg or arm estimates for VO 2 as an indicator of level of effort, an even lower percent of maximal effort was found while performing exoskeletalassisted walking, with a %VO 2 R Legs of 24 percent and %VO 2 R Arms of 35 percent observed. The mild VO 2 percent efforts were supported by the participant's average RPE value of 10, representing a very light to fairly light effort. The relatively modest energy demands of walking using a powered exoskeleton approach what the American College of Sports Medicine has recommended as "minimal training intensity threshold for improvement in VO 2max , and the lactate threshold is approximately 40-50% of VO 2 R or HRR" [37] . Thus, walking in this powered exoskeleton has the possibility to be used routinely.
With an increase in regular activity, the possibility to improve the adverse health-related consequences of paralysis, such as adiposity, insulin resistance, carbohydrate tolerance, lipid profile, and psychological wellbeing may also exist [38] [39] [40] [41] [42] [43] [44] . The increased VO 2 for walking, above that of sitting and standing, is evidence that additional effort from the user is required to perform ambulation in the exoskeleton (i.e., the exoskeleton is not performing all of the work for ambulation). Previous investigations measuring pressure under the foot when ambulating in the exoskeleton demonstrated that the less skilled participants were not loaded to the same degree as those who were more proficient [29] . Although measurements of pressures on the crutches were not observed, it was hypothesized that the less skilled participants offloaded some weight onto their crutches. In addition, although anecdotal, trainers have asked the participants with less skill to minimize pressure on their hands, but participants indicate that the load on their arms makes them feel more secure because they are unable to feel the floor with their legs. Another explanation for the increased VO 2 during WALK may have been the increased use of trunk and shoulder muscles required for weight shifting and balancing. Propelling the body forward with hip extension was performed by the exoskeleton; however, the participants purposefully use their upper bodies to shift laterally while subsequently maintaining balance on the stance limb while the contralateral leg swings during ambulation. This action required additional effort than that expended during static standing balance.
An explanation for the increased HR in those who required assistance compared with those who walked with no assistance may be due to the increased use of Table 3 . Overground speed for participants using ReWalk Exoskeleton and predicted speed for nondisabled individuals.
Note: Speed with metabolic mask was calculated during 6 min of walking during metabolic test. Speed without metabolic mask was calculated from 6 min walk test obtained during session prior to metabolic test. SD = standard deviation. their arms and weight on the crutches. Our finding is based on a small number of participants in each group but suggests that those with less skill using the device may expend more effort, which may be due to increased use of their arms in order to ambulate than those who walk more independently. Perhaps with a larger sample size this difference will attain significance. In the group requiring assistance, continued practice may result in a reduction of VO 2 and HR while ambulating.
Measurements of VO 2 during ambulation using passive orthotic devices, such as RGO, ARGO, Parawalker, and Craig-Scott braces, are presented in Table 4 . While walking at similar velocities, the VO 2 values observed during the exoskeletal-assisted walking were within the lower range of these prior studies that employed passive devices. In a report by Kawashima et al., who performed a similar study, VO 2 and HR were obtained in 10 participants with paraplegia who used an RGO while sitting and standing at rest, after which 20 min of walking was performed [5] . The VO 2 during the standing condition observed by Kawashima et al. was much higher than that observed in the current study (6.2 ± 1.8 vs 4.3 ± 0.9 mL/ kg/min, respectively); however, the HR was similar (86 ± 24.78 vs 81 ± 12 bpm, respectively). The difference in VO 2 during standing may have been attributed to increased effort from the trunk and upper limbs to maintain standing balance [5] because of a less rigid hip joint in the RGO. The subsequent walking VO 2 and HR values were higher in the participants reported using this particular RGO than those in the present study using the powered exoskeleton (VO 2 : 18.2 ± 3.8 vs 11.2 ± 1.7 mL/kg/ min, HR: 133 ± 21 vs 118 ± 21 bpm), indicating greater efficiency for walking while using the powered exoskeleton. The increased VO 2 and HR while using the RGO may have been due to the requirement of the user to balance on one limb while simultaneously using the upper body to provide a torque to extend the hip joint of the stance leg and flexing the contralateral hip joint to swing that leg forward. The RGO has a locked knee joint, which may necessitate more lateral movement as well as the desire to offload the body onto the crutches in order to offload the leg. Lastly, walking speed or the duration of the walking measurement could have led to the differences observed between the two devices. There were a few differences in the demographics of the study participants, but the main difference between the two studies was that Kawashima et al. reported that persons using the RGO walked at a faster speed during the metabolic test than those in the current study (0.33 ± 0.10 vs 0.22 ± 0.11 m/s). However, when users in the two studies were compared while walking without the metabolic mask, the powered exoskeletal-assisted walking participants were closer to the average walking speed of the Kawashima study group (0.27 ± 0.11 vs 0.35 ± 0.10 m/s). The VO 2 and gait velocities from other reports (Table 4) showed that the VO 2 , although not always lower using the powered exoskeleton versus the other nonpowered devices, was generally at the lower range when walking at similar gait velocities.
Overground walking speeds during training were significantly faster than those obtained while performing the metabolic test ( Table 4 . Energy consumption and gait speed for each study.
Note: VO 2 and speed are presented as mean ± standard deviation. ARGO = advanced reciprocating gait orthosis, C = cervical, CSB = Craig-Scott brace, PW = Parawalker, RGO = reciprocating gait orthosis, T = thoracic, VO 2 = oxygen uptake.
field of vision. One of the evident challenges in using an exoskeletal device for overground ambulation is that the person with SCI has decreased to absent sensation of the position of their lower limbs. As such, participants initially made an effort to visualize their legs while walking, but the VO 2 mask partially obstructed direct visual feedback of the location of their legs, which resulted in slower average walking speeds. However, as the user attains a greater degree of skill using the device, the participants report cueing on the sound of the motors to infer the position of their legs in the absence of visual cues. This consideration may skew the calculation of energy cost when normalizing the energy expenditure to walking speed and thus generate spuriously higher values. A limitation of this study was that the individual participant's maximal VO 2 was not known due to the inability to perform a maximal lower-limb exercise test because of paraplegia. Maximal values of VO 2 during upper-limb values have been reported to be approximately 70 percent lower than those performed with the lower limbs [51] [52] [53] . Therefore, predicted values from both lower and upper limbs were used in our model. A predicted maximal fitness level of "fair" at the lowest level to provide a conservative estimate was used based on maximal exercise with the lower limb using data from Heyward [32] , which resulted in a 24 %VO 2 R. The %VO 2 R predicted based on an arm maximal test from values reported by Noreau and Shephard [33] resulted in a %VO 2 R of 35 percent. This approach to predicted %VO 2 R has inherent inaccuracies because it is an estimate of VO 2max but should provide insight to the relative degree of VO 2 during ambulation. Greater confidence may be placed in the %HRR, which was about one half the maximal predicted HR (220 bpm), because this is a universally accepted value and is not affected by levels of fitness [34] .
Additional work to investigate energy expenditure while using robotic exoskeletons would clarify several issues. Longitudinal studies to determine whether a relationship exists between long-term use, the degree of energy expenditure, and the subsequent potential medical benefits would be of clinical relevance. With practice using powered exoskeletal devices, energy expenditure may be diminished with the acquisition of improved skill and efficiency, with the distinct possibility that during faster walking velocities the associated work will remain fairly constant. Electromyography profiles while ambulating in the powered exoskeleton systems may also be relevant to identify lower-limb muscle activation, which may be an important contributor to increases in energy expenditure in those with a partial zone of motor preservation [54] . It should be appreciated that advancements in the powered exoskeleton design may result in lower energy expenditure, which could then serve to reduce any salutatory metabolic and/or cardiovascular benefits to be gained from its use.
CONCLUSIONS
This report is the first to determine energy expenditure of powered exoskeletal-assisted walking by use of the ReWalk system in persons with SCI. While using the powered exoskeleton, persons with SCI were able to successfully ambulate overground with training and practice. As with other physical activities, some users attained more competence and independence in the device. Although the results of this study did not address longterm changes in oxygen demand with habitual use, routine use of the device to increase activity energy expenditure would be expected to have positive cardiopulmonary and metabolic benefits. The level of effort required to use the ReWalk exoskeleton system to ambulate appears to be acceptable, and, as such, could be envisioned to be a device that persons with SCI would use in their daily lives.
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